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Abstract 
 
Cells of the intervertebral disc have a limited capacity for matrix repair and may 
contribute to the onset and progression of degenerative disc changes.  Disc 
degeneration contributes to declining nutrition, loss of viable cells, cell senescence, post-
translational modification of matrix proteins, accumulation of degraded matrix molecules, 
and fatigue failure of the matrix.  During daily activities intervertebral discs are exposed 
to oscillatory hydrostatic loads.  It is known that dynamic loads with critical frequencies 
close to that of the human spine resonant frequency (4-8 Hz) have a destructive effect 
on disc tissue properties.  Whether this destructive effect is purely mechanical due to 
loading magnification, or biological affecting cell metabolism is unknown.   
In understanding this phenomenon, we implemented a mechanical testing 
system efficient to distribute a range of loading frequencies with specified amplitude of 
hydrostatic pressure to 3-D alginate cultured nucleus pulposus and transition zone cells 
of the IVD.  The 3-D alginate cultures were divided into six loading scenarios, five of 
which were subjected to the 1, 3, 5, 8, and 10 Hz loading at 1 MPa.  The sixth group, 
being the control, did not undergo any loading.  Each scenario was loaded for 3 days, 30 
minutes daily, in a hydraulic chamber filled with culture media.  The effect of the loading 
frequency on the collagen metabolism of each scenario of nucleus pulposus and 
transition zone was contrasted by calculating the incorporated [³H]-proline into the 
collagen of the media and cell extracts.  The results of the nucleus pulposus exhibited a 
prominent destructive effect occurring in the proximity of 5 Hz, with respect to the 
incorporated and released collagen, into and from the IVD cells, respectively.  The 
transition zone exhibited a slight destructive effect around 3 and 8 Hz, but at 5 Hz 
reported increasing incorporated and released collagen.  The findings are significant 
because 5 Hz is within the resonant frequency of the human spine.  These results 
indicate frequencies close to 5 Hz may be the cause of degeneration in the nucleus 
tissue, but may in fact be a range that the transition zone requires for maintaining a 
healthy cellular environment. 
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I.  Introduction 
 
Cells of the intervertebral disc have a limited capacity for matrix repair and may 
contribute to the onset and progression of degenerative disc changes [1].  Intervertebral 
discs (IVDs) problems are one of the most common causes that lead to low back pain.  It 
is estimated that about 70% of the population will experience low back pain during their 
lives [2]; it is also the most common single cause of unemployment [3].  Even though low 
back pain is a public health issue, little is know about the pathogenesis.  During daily 
activities intervertebral discs are exposed to oscillatory hydrostatic loads [4].  It is known 
that dynamic loads with critical frequencies close to that of the human spine resonant 
frequency (4-8 Hz) have a destructive effect on disc tissue properties [5].  Whether this 
destructive effect is purely mechanical due to loading magnification, or biological 
affecting cell metabolism is unknown [6].  Human intervertebral discs (IVDs) undergo 
age-related degenerative changes that contribute to some of the most common causes 
of impairment and disability for middle aged and the elderly, such as spine stiffness, 
neck pain, and back pain [7].  Potential causes of the age-related degeneration of IVDs 
include declining nutrition, loss of viable cells, cell senescence, post-translational 
modification of matrix proteins, accumulation of degraded matrix molecules, and fatigue 
failure of the matrix [7].   
Because of the problems associated with the IVD it is beneficial to first examine 
the structure and function of a healthy IVD.  The IVDs make up one fourth of the spinal 
column length, and are composed of an annulus fibrosus and nucleus pulposus, along 
with the vertebrae (Figures A-1 and A-2).  The nucleus pulposus, which contents is 
similar to chondrocytes, fills the space between the end plates of adjacent vertebrae, 
and is surrounded by the annulus fibrosus.  Cartilage covers the central parts of the 
vertebrae and helps the attached vertebral cortex form the end plate.   Examining the 
function of this structure the chondrocytes have a matrix of type II collagen and 
proteoglycans.  The proteoglycans are hydrophilic and therefore cause the nucleus to 
swell.  The swelling of the nucleus creates a pressure that is resisted by the annulus 
fibrosus, which is comprised of type I collagen containing fibroblast-like cells.  The 
annulus is very effective in binding the outer rims of the adjacent vertebrae.  These 
functions allow for the IVD structure to be termed as a fibrocartilaginous cushion, serving 
as a shock absorbing system for the spine [2].  The term fibrocartilage stems from the 
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fibroblast-like annulus and cartilage surrounded vertebrae.  This gives rise to much 
controversy over the classification of this particular cell type.  It is not a homogeneous 
cell, since it contains both fibroblast-like and chondrocyte-like cells, and it varies in type 
radially and with age.  Therefore research on the IVD has been focused in vitro [8]. 
Focusing more on the contents of the IVD, the nucleus pulposus (NP), known as 
the hydrated gel-like substance in the center, and the annulus fibrosus (AF), known as 
the strong radial tire-like structure made up of lamellae that surrounds the nucleus 
pulposus, the composition of collagen varies between the NP and AF (Figure A-3).  The 
region that bridges these two sections is the transition zone (TZ), which composition is a 
combination of the NP and AF.  The collagen composition changes from nearly all type I 
in the AF region to all type II in TZ region.  The composition of the NP region is mostly of 
type II collagen with large amounts of aggregating and non-aggregating proteoglycans 
[1,9].  Primarily, the cells of the annulus originate from the mesenchyme and are 
chondrocyte-like or fibrochondrocyte-like with additional notochord originated cells found 
in the NP [1,9], which disappear in humans as they age and are replaced with 
fibrochondrocyte-like cells [1,10].  It is important in research to use the cells from the TZ 
region since it is the best representation of the disc as a whole, with both type I and II 
collagen. 
Structural instability and dysfunction of the IVDs contribute highly to the causes 
of disc degeneration.  Since the IVDs are highly heterogeneous structures in research 
the cells respond to a variety of physiochemical stimuli in situ and in vitro, including 
mechanical stresses, osmotic pressures, and soluble mediators such as growth factors 
and cytokines [1].  Both biomechanical and biological factors have been implicated in 
cases of accelerated degeneration [11].  The mechanical factors, including trauma and 
repetitive stress, seem to play a very important role in cell apoptosis from evidence of 
the magnitude and duration of spinal loading [12].  The mechanistic loading associates 
cell apoptosis with disc degeneration (Figure A-4).  
The progression of disc degeneration from mechanical loading can be observed 
from several different angles.  Many researchers approach this by subjecting the IVD 
cells with radio labeled proline as a monitoring system to study the release of collagen 
[13].  When using this system you know the cells have a collagen matrix that remains 
intact until it is disturbed by a mechanical force/stress or degraded by matrix protease.  
For example, if the cells are incubated overnight in media that contains the isotope, and 
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then the media is aspirated, the cell composition has not changed.  However, when a 
force is introduced into the scenario, the cell will produce an excess of matrix protease.  
This will disturb the cell allowing collagen to be released into the media and incorporated 
into the cells.  An increase in the ratio of released/incorporated collagen will show tissue 
degradation.  The effect of mechanical stress on the extracellular matrix (ECM) 
assembly and degradation on the IVD cells is still not fully understood.  It is not know If 
the ECM can use the released collagen, and if so, is the released collagen readily 
available to the ECM.  The focus here is that the cell is simply responding to the 
undesired loading condition by releasing collagen, which causes degeneration. 
In a study using a rabbit model to apply hydrostatic pressure to the IVD cells, in 
3-D nucleus culture and in monolayer, over a wide range of amplitude and frequency, it 
was found in monolayer the disc cells undergo progressive degeneration.  Also in 
monolayer with high frequency (20Hz for this study), high amplitude (3 MPa for this 
study) hydrostatic stress treatment stimulated the radio labeled proline incorporation in 
the AF, whereas low amplitude (0.75MPa for this study), low frequency (1Hz for this 
study) hydrostatic stress had little effect [13].  The 3-D nucleus culture, high amplitude 
and frequency increased protein synthesis and lowered protein degradation [13].  
Suggesting that there is a linear relationship in the 3-D culture between the protein 
degradation and loading amplitude for the range of loading frequency and amplitude of 
this particular study.  Another study done on bovine calves IVD cells, in 3-D culture, 
subjected to static compression 60-100% of original thickness resulted with the 
chondrocyte morphology remaining spherical and an increase in cell density.  The 
overall collagen content increased within the 3-D culture.  The study showed that the 3-D 
cultures synthesize ECM components and respond to mechanical loading in ways 
similar to chondrocytes in vivo [14].  A study on porcine IVD cells at different loading 
rates, 10, 20, and 30 mm/min, was done to determine fatigue failure of the disc.  The 
results revealed changes in NP and AF shape with a decrease in disc thickness.  At a 
rate of 30mm/min the disc had partial loss of NP.  The long-term repetitive loading to the 
IVD may be a critical factor causing disc damage [15].  The importance of the previous 
mentioned studies shows just how mechanical factors are largely responsible for disc 
degeneration.  On the contrary, the magnitude of hydrostatic pressure applied to the disc 
is said inhibit cell synthesis at higher magnitudes (10MPa) [16].  And that moderate 
hydrostatic pressures (2.5MPa) stimulate synthesis of collagen and proteoglycans in the 
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NP and TZ regions [16,17].  However an in vivo study would be necessary to do any 
analysis, because the pressure should be proportional to the weight [18]. 
The effects of dynamic hydrostatic pressure on porcine IVDs, over a range of 
pressure and frequency, have also been studied [19].  The range of pressure 3-5 MPa 
with frequencies of 1,8,15 Hz reported significant increases in incorporated collagen 
between the 5MPa/15Hz scenario and all other scenarios loaded for three days.  Seven 
day loading scenarios were also analyzed to reveal no significant difference between 
scenarios.  The collagen released was also determined to give a significant increase in 
the 5MPa/1Hz and 5MPa/15HZ for the three day loading.  The amount released for the 
seven day loading produces a significant decrease between the control and 3MPa/8Hz, 
5MPa/1Hz, 5MPa/15Hz, while there is a significant increase between 5MPa/1Hz and 
5MPa/8Hz [19].  Interpreting these results you would presume that the more collagen 
released is a sign of degeneration, and there were increases in both the three and seven 
day loading at the higher frequencies.  The magnitude of pressure applied versus 
released collagen also yielded that there was a higher release of collagen in the higher 
magnitude (5MPa).  The correlation between the frequency and pressure in this study is 
not that obvious.       
Compressive loads are those the IVD undergo on a daily basis.  However, the 
load is not distributed the same consistently, since it can be changed with each 
movement.  Human lumbar discs in vivo have yielded pressures larger than 2MPa [4].  
One study reported that the distribution of pressure between the NP and AF regions of a 
normal, human lumbar spine produces a linear relationship to the compressive load 
applied.  The pressures in the study ranged from 0.2MPa at rest to an excessive 34MPa 
at disc failure [20]. 
The frequency of the load the IVD is subjected may also have an effect on 
degeneration.  The natural resonance of the spine has been studied as between 4-8Hz, 
closer to 4Hz for lower spine [5].  This same study shows that vibrations close to the 
resonant frequency of the spine (such as those typically encountered in vehicles) are 
amplified, causing damage through a cumulative process of micro-fractures to the 
endplates of the vertebral bodies [5].  This in turn can affect the IVD cell synthesis.   
Knowing that the IVD are subjected to both loads and frequencies during normal 
every day activities the long-term exposure to these whole-body vibrations can induce 
degenerative changes in the spine, hence the IVD [21].  In the physiological environment 
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the loads and frequencies may be imperative in maintaining the cell matrix.  There may 
be an abnormal level of loads and frequencies that contribute to disc degradation.  The 
pathogenesis of whole-body vibration disorders is still not completely understood and 
presently there is no effective treatment [19].  However, the inherent effects of the 
vibration induced stress on the IVD components are notably important to the studies of 
the disorders, the vibrational loading effects on disc cells is still somewhat a mystery. 
The objective of this research is to comprise a test method that will distribute a 
dynamic pressure at a range of frequencies onto 3-D alginate cultured IVD cells to 
develop a relationship between loading scenarios and how they do or do not contribute 
to degeneration of IVD tissue.  The goal is to study and produce an accurate 
representation of cell synthesis after applying a hydrodynamic pressure at various 
frequencies over a specified loading period with hopes of finding that the physiological 
environment has a resonance that causes tissue degradation.  
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II. Materials and Methods 
 
Collection, Dissection, and Isolation 
The transition zone and nucleus cells of porcine1 intervertebral discs (IVDs) were 
used in this study in a 3-D alginate culture system.  All IVD cells were obtained from the 
same specimen within one hour of euthanasia.  Once the discs were in the proper lab 
environment they were stored in Hank's Balanced Salt Solution (HBSS) and stored at 
4°C.  The dissection started approximately 1½ hours post mortem.  Under sterile 
conditions, the nucleus pulposus (NP) and transition zone (TZ) were separated from the 
discs and collected in 150mm culture dishes filled with HBSS.  The NP and TZ tissues 
were minced into 1-3mm³ pieces for optimal digestion.  The NP and TZ minced tissue 
was then transferred from the 150mm culture dishes to four, 50mL conical tubes; two 
tubes with TZ tissue and two with NP tissue.  Once the tissue settled to the bottom of the 
tube the excess HBSS was removed with a 10mL serological pipette, and 30mL of 
complete media (DMEM "c")2 with 2mg/mL of Bovine Testicular Hyaluronidase added to 
each tube.  The hyaluronidase enzyme catalyzes the breakdown of hyaluronic acid, 
which increases tissue permeability to fluids.3  Digestion is continued for 60 minutes with 
gentle agitation in a 37°C, 5% CO² incubator.  After digestion, the cells were pelleted in a 
centrifuge at ≈ 2000 rpm for 5 minutes, and removal of the hyaluronidase solution 
immediately followed. 
In preparation for the collagenase/pronase digestion 30 mL of sterile DMEM "c" 
with 0.25mg/mL collagenase and pronase E was added to each TZ conical tube, and 
0.1mg/ml collagenase and pronase E was added to each NP conical tube.  The 
collagenase enzyme catalyzes the hydrolysis of collagen, and Pronase E or Protease, a 
peptidase, catalyzes the hydrolytic breakdown of proteins into peptide.4  The tubes were 
then incubated overnight with gentle agitation. 
The following day, the digests were pipetted up and down 10 times, to break up 
tissue that had partially digested, with a 25mL sterile pipette at a low flow rate of 
                                            
1Compliments Mike Marney – Wamplers Sausage; Lenoir City, TN. 
2Dulbecco's Modified Eagle Medium (Sigma) 
10% Fetal Bovine Serum (all from GIBCO unless stated) 
1% Penicillin Streptomycin Solution  
0.5% Fungizone 
3 Definition taken from American Heritage Dictionary. Fourth edition, 2000. 
4 Definition taken from American Heritage Dictionary. Fourth edition, 2000. 
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~1mL/sec to prevent cell damage.  Digestion was then continued for 2 more hours in the 
incubator.  After the 16-hour total digestion time, the conical tubes contained a single cell 
suspension with only a minute amount of cell clumps.  The cells were then strained 
through a 70µm nylon mesh into sterile 50mL conical tubes.  Then the cells were 
pelleted at ≈ 1500 rpm for 5 minutes. After which the collagenase/pronase E solution 
was removed and the pellet of cells resuspended in 5 mL of DMEM "c".  An aliquot of the 
cell suspension was placed on a hemocytometer and stained with 0.4% trypan blue to 
determine cell viability.  The four conical tubes revealed a cell count of ≈ 487,500 
cells/mL, which corresponds to a total of ≈ 2.44e6 cells per tube and yielding >96% 
viability (Figure A-5 and A-6).  The cells were pelleted again in the centrifuge and 
resuspended in a cold alginate culture system5 (Figure A-7).  
The alginate suspension for each conical tube of NP and TZ were drawn into 
separate sterile syringes with 21 gauge needles attached.  The suspensions were then 
released in a drop-wise fashion into separate 100mm dishes containing 10mL of cold 
102mM CaCl2.  Once the suspensions were expelled into the 102mM CaCl2 solution, 
after 5 minutes at 4°C, alginate beads formed.  The CaCl2 solution was then removed 
and the alginate beads were washed in DMEM "c", to remove any CaCl2 that remained.  
Using a 50mL serological pipette (to avoid damage to the beads) the NP and TZ alginate 
beads were then transferred to 35mm culture dishes.  A total of 48 dishes were cultured, 
24 NP and 24 TZ, and each dish contained 4 alginate beads suspended in 2mL of 
DMEM "c".  The 35mm dishes (Figure A-8) were covered and housed into 150mm 
covered dishes (four 35mm/150mm) to prevent from contamination and group the dishes 
for each loading scenario.  These were then incubated at 37°C, 5% CO2. 
 
Cell Culture and Loading Effects 
The applied cyclic hydrostatic loading onto the 3-D alginate culture can produce 
very useful data since the alginate gels allow the chondrocytes to maintain there 
chondrocytic phenotype for long periods of time [1].  There can be, however, a draw 
back to the alginate system.  The cell number and proliferation are generally limited 
when culturing and testing cells in alginate, especially when using cyclic loading on the 
                                            
5 1.2%[w.v] sodium alginate (Keltone LV) in 150mM NaCl, 10 mM HEPES-pH7.2, autoclaved 20 
minutes 
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gels.  If the loading scenarios are too harsh on the gels they may begin to break apart, 
hence, allowing the cells to attach as monolayer.    
 
Cell Loading 
Upon loading the cells a piston-chamber system6 (Figure A-9 and A-10) was 
designed to use with an Instron Mechanical Testing Machine 8511.20, to apply loads to 
the cells (Figure A-11).  The 316-stainless steel system was made by the Mechanical, 
Aerospace, and Biomedical Engineering Machine Shop at The University of Tennessee, 
Knoxville.  The piston head and inner walls of the chamber were finely machined to 
prevent debris from forming due to excessive friction.  The chamber bottom was made to 
attach to the threaded load cell of the Instron Mechanical Testing Machine 8511.20.  
Along with the piston-chamber system an 8-tiered, stainless steel shelf (Figure A-12) 
was designed to hold 8, 35mm culture dishes and fit into the chamber.  This was to done 
so fluid flow could be distributed across the entire cell volume during loading.  During 
loading a 316-stainless steel mesh lid (Figure A-13) was placed on each of the 8, 35mm 
dishes to prevent the gels from escaping.  Another requirement is to have a very durable 
o-ring (Parker, #2-325) put between the chamber and piston contact to insure the 
desired pressure is maintained throughout loading.  In addition to the o-ring a moment-
free contact is also needed between the piston head and the inner walls of the chamber.  
This is created by a ball bearing on the end of the piston to convert the load from the 
machine actuator in the vertical direction (Figure A-14). 
In anticipation of cell loading all equipment:  chamber, piston head, mesh lids, 
and the 8-tiered shelf was autoclaved.  Under sterile conditions, the mesh lids were 
placed onto the 35mm culture dishes and then loaded on the 8-tiered shelf, (Figure A-
15) and placed into the chamber.  During cell loading the TZ dishes were always placed 
in the bottom 4 slots of the 8-tiered shelf while the NP dishes were in the 4 top slots.  
The chamber was filled with DMEM containing no growth factors or antibiotics, since the 
cells were exposed to loading for only 30 minutes a day.  The piston was positioned onto 
the chamber by hand until the o-ring made a seal.  The sealed piston-chamber system 
was then transferred from the sterile hood to the Instron 8511.20 mechanical testing 
machine (Figure A-16).  Placement of the female-threaded chamber bottom was mated 
                                            
6 Designed by W. David Merryman, MS Graduate UT Knoxville 2002 
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to the load cell and the ball bearing was placed between the piston and the actuator to 
create the moment free system. 
The cells were then loaded cyclically for 30-minute intervals sequentially every 
24 hours.  The loading regime pressure, throughout the experiment, was calculated from 
the piston head geometry as ≥1MPa (pressure did not fall below 1MPa, but was kept 
between 1 and 1.5MPa), and the chosen frequencies were control, 1, 3, 5, 8, and 10Hz.  
The regime pressure was paired with each frequency for a total of 6 scenarios, but the 
control was not subjected to any loading.  A preload of 0.5MPa was used in each loading 
case to thoroughly wet the o-ring and extract any trapped air remaining in the chamber.  
The loading scenarios ensued for three days to obtain data for analysis of collagen 
synthesis and degradation. 
After each loading scenario the piston-chamber system was transported to the 
sterile flow hood, so the piston could be removed from the chamber under sterile 
conditions.  Once the piston was removed sterile tweezers were used to lift the 8-tiered 
shelf from the chamber and the dishes were carefully removed, from top to bottom, one 
by one.  Since the 35mm dishes had been exposed to the loading they were wet with the 
DMEM, so the dishes were placed on an absorbent diaper.  This is to prevent from any 
contamination.  The DMEM without growth factors or antibiotics was aspirated from the 
dishes and replaced with 2mL of DMEM "c".  The 35mm dishes were covered, placed 
back into the 150mm culture dishes and incubated until the next loading. 
 
Radioisotope Labeling 
Upon completion of day two loading the cells were labeled with [³H]-proline7 
(Figure A-17).  The amount of proline added to each 35mm dish was 20µCi (10µCi/mL) 
with the isotope concentration in 1mCi to 1mL ratio.  The cells were then incubated over 
night in the isotope.  The 3rd, or following, day the isotope was extracted from each dish 
and put into a radioactive liquid waste container.  The cells were then washed with 37°C 
HBSS three times to remove any remaining isotope on the cells or in the dishes.  The 
cells were then loaded, accordingly, for the 3rd day.  After the final loading of each 
scenario DMEM "c" was added to each dish and incubated for 24 hours.  Succeeding 
the 24-hour incubation the DMEM "c" was removed from each dish and put into 5mL 
                                            
7 100Ci/mmol, 3.7TBq/mmol (ICN) 
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lidless vials covered with parafilm and frozen.  The alginate gels remained in the dishes 
and were frozen down as well, both of which to await extraction.  
 
Recovery of Cells 
The frozen alginate gels were un-thawed at room temperature and washed in 
cold (4°C) phosphate buffered saline (PBS) for 15 minutes until most of the media color 
had diffused out of the beads.  When the beads settled the PBS was aspirated into a 
radioactive waste container.  Since all solution has been aspirated 10mL of cold 28mM 
EDTA8, 150mM NaCl (pH 7.2) was added to the dishes in order to dissolve the beads.  
The beads were incubated for the allotted 15 minute dissolving time and occasionally 
mixed.  After dissolving the cells were put into a 15mL conical tube, washed with 10mL 
of cold PBS, to remove any remaining alginate, and pelleted.  The PBS was aspirated 
and the pellet was re-suspended into 3mL of DMEM "c" (3mL to save room for the 
extraction solvents) to await extraction. 
    
Extraction and Size Exclusion Chromatography 
Since the cells have been labeled with the [3H] proline much of the isotope is 
expected to have incorporated into the protein of the cell.  Size exclusion will separate 
the proteins by running the extracted proteins through columns filled with Sephadex.  
The Sephadex selects the proteins by size exclusion, allowing the larger size proteins, 
collagen, to pass through the column into the vial.  The smaller proteins enter the pores 
and have a longer transit time in the column, preventing them from descending out of the 
column.  This process is seen in (Figure A-18).  
The cells were extracted by adding 1mL (0.5mL for extraction and 0.5mL for DNA 
quantification) of Cell Extraction Solvent (CES)9 to each 35mm dish and incubating at 
4°C overnight.  The frozen medium was extracted by thawing and transferring 0.25mL to 
a 5mL test tube and adding 0.25mL of Media Extraction Solvent (MES)10 and incubated 
for at least 2 hours at 4°C. 
                                            
8 Ethylenediaminetetraacetic acid 
9 4M Ultra Pure, Guanidine-HCl (Life Technologies); 50mM Sodium Acetate, pH 6; 1% Triton-X-
100; 50mM 6-Amino Hexanoic Acid; 10mM EDTA; 0.8mg/mL Benzamidine; 10mM N-Ethyl 
Maleimide; 1mM Phenylmethylsulfonyl Fluoride 
10 8M Ultra Pure, Guanidine-HCl; 100mM Sodium Acetate, pH 6; 2% Triton-X-100; 100mM 6-
Amino Hexanoic Acid; 20mM EDTA; 1.6mg/mL Benzamidine; 10mM N-Ethyl Maleimide; 1mM 
Phenylmethylsulfonyl Fluoride  
 10
A slurry consisting of 20g Sephadex G-50, fine, was created in 300mL of water to 
run the columns.  The slurry was boiled, with a stirring rod placed in the beaker during 
this process to mix the contents, and then cooled to room temperature before use.  
While the slurry cooled 10mL serological pipettes were broken to allow a volume of 6mL 
to flow through and steel pellets (bb’s) were gently rolled into the pipettes (1 pellet/ 
broken pipette) to provide a seal that allows water but not slurry to escape.  One pipette 
was used for each of the extracted samples (one pipette per dish for cells and per vial 
for the media). 
When the slurry cooled, all the while still being stirred, 3mL was transferred into 
the pipettes.  The slurry in the pipettes settled and the water ran out of the column, 
additional slurry was added to maintain a level of 2mL in each column/pipette.  Once this 
was obtained 2mL of CES was run completely into the column without disturbing the 
slurry surface.  Then the extracts were loaded into their respective columns, and washed 
by adding 0.75mL of CES to each column.  The flow through the column was collected in 
7mL scintillation vials (Figures A-19 and A-20).  All columns were subjected to cell and 
media extracts that contained radioisotope, so they were discarded into the radioactive 
waste container. 
In completing the size exclusion chromatography 3mL of scintillation cocktail11 
was added to each vial, mixed thoroughly, and then counted on the tritium channel of a 
scintillation counter. 
 
DNA Assay 
Procedures in normalizing an unknown sample are to use relative quantification 
methods so the quantitative values of an unknown sample can be calculated relative to a 
standard curve.  This allows for the number of cells in the sample to be known.   
However, with the presence of the radioactive isotope the use of a hemacytometer is 
unsafe.  But at this point in the experiment it is important to count the number of 
remaining cells.  The preferred method is the DNA quantification by fluorescence 
because of accuracy and promptness of results.  When determining the DNA 
concentration each extracted cell should bind to the bisbenzimide DNA intercalator that 
excites in the near UV (350nm) and emits in the blue region (450nm).  The DNA 
intercalator will bind and exhibit enhanced fluorescence under high ionic strength 
                                            
11 ScintiSafe Econo 1 (Fisher Scientific) 
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conditions and can be quantified [22].  The standard curve using Calf Thymus DNA 
(CTDNA) was done prior to cell quantification (Figure A-21), CTDNA is often chosen for 
most plant and animal DNA because it is double-stranded, highly polymerized, and 
approximately 58% AT [22].  In preparation for the standard curve a 200ng/mL 
concentration of CTDNA was made and then serial diluted to 100, 50, 25, 10, 5, 1, 0.5, 
0.1, and 0.05 ng/mL.  The standard curve yielded an R² = 0.9495 with the linear 
regression equation, y = 7.2244x + 6355. 
From every 1mL sample of the CES extracted cells, 100µL was drawn and 
loaded into a well of a 96-well plate.  Once each sample was put in the proper well 
100µL of Low Range Assay Solution12 was also added.  The Low Range Assay Solution 
is most suitable for measuring a range of approximately 0-500 ng/mL final DNA 
concentration.  A multi-channel Victor counter set on fluorometry at excitation of 350nm 
and emissions of 450nm was then used to run the DNA Assay on the well plate.  The 
standard curve equation for the CTDNA was then determined from the results.  The data 
recorded from the extracted samples and the standard curve are in the same units, since 
the volume of CTDNA and the cells was 100µL, so the results are left in ng of DNA. 
                                            
1210uL Hoechst 33258 Stock Dye (10mg Hoechst Dye, 10mL Sterile Water), 10mL 10xTNE 
Buffer Stock (10mM Trizma Base, 10mM EDTA, 2M NaCl, adjust pH to 7.4 with concentrated 
HCl), 90mL Sterile Water 
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III.  Results 
 
Data 
Table A-1 contains the counts from the scintillation counter for the three day 
loading of cells and media, and Table A-2 contains the DNA assay values for each well 
plate.  Table A-3 contains the calculated Incorporated Collagen values from the cells of 
each dish, and Table A-4 is the calculated percentage Ratio of Collagen Released for 
each media sample. 
 
Incorporated Collagen (IC) 
Figure 1 (on the following page) represents the Incorporated Collagen (IC) for 
each loading scenario of NP and TZ, and Figure 2 is the combined IC for the NP and TZ, 
also known as the cell IC.  The standard error bars are representing the four samples 
used in each loading scenario.  Figures 3 and 4 were obtained from ANOVA to 
determine any trend in the IC of the NP and TZ.  The results for the IC are recorded in 
CPM/DNA(ng), or counts per million from the scintillation counter results divided by the 
ng of DNA from the results of the fluorescence counter, this method was also used by 
Kasra, et al.  All scenarios were tested using a 1MPa load and recorded with the format 
Hertz/NP or TZ/Dish number.  ANOVA t-test was used in determining if there was 
significance between each scenario.  The significance level was p<0.05 for all scenarios. 
The significance reported by ANOVA (Table 1) shows that there is a significant 
difference between the IC of the control sample and 3 and 5 Hz scenarios of NP.  
ANOVA also reported that there is significant difference between the IC of the control 
sample with all of the scenarios of TZ (Table 2). 
 
Released Collagen (RC) 
The amount of released collagen determined by the scintillation counts of the 
media for the NP and TZ are shown in Figure 5.  The scintillation counter results were 
used to calculate the percent ratio of RC from the cells into the media 24 hours 
succeeding the final day of loading.  The percent ratio of RC ((RC/(IC+RC))*100 = 
%RCR) is important in predicting the viability of the cells, as previously mentioned the 
higher the RCR the more likely the cells are deteriorating, hence inevitable 
degeneration.   
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Figure 1: Incorporated Collagen, NP and TZ vs. IC 
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Figure 2: Total Incorporated Collagen from cells 
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Figure 3: NP Incorporated Collagen quadratic regression plot 
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Figure 4: TZ Incorporated Collagen polynomial degree 4 regression plot 
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Table 1: ANOVA significance values NP-IC 
Multiple Comparisons
Dependent Variable: CMPNP
Tukey HSD
1.3283393 .51118648 .148 -.2962292 2.9529078
3.6434644* .51118648 .000 2.0188959 5.2680329
4.2581194* .51118648 .000 2.6335510 5.8826879
1.1233944 .51118648 .286 -.5011741 2.7479629
-.6483885 .51118648 .798 -2.2729570 .9761800
-1.3283393 .51118648 .148 -2.9529078 .2962292
2.3151250* .51118648 .003 .6905565 3.9396935
2.9297801* .51118648 .000 1.3052116 4.5543486
-.2049449 .51118648 .998 -1.8295134 1.4196236
-1.9767278* .51118648 .012 -3.6012963 -.3521593
-3.6434644* .51118648 .000 -5.2680329 -2.0188959
-2.3151250* .51118648 .003 -3.9396935 -.6905565
.6146551 .51118648 .830 -1.0099134 2.2392236
-2.5200700* .51118648 .001 -4.1446385 -.8955015
-4.2918529* .51118648 .000 -5.9164213 -2.6672844
-4.2581194* .51118648 .000 -5.8826879 -2.6335510
-2.9297801* .51118648 .000 -4.5543486 -1.3052116
-.6146551 .51118648 .830 -2.2392236 1.0099134
-3.1347251* .51118648 .000 -4.7592935 -1.5101566
-4.9065079* .51118648 .000 -6.5310764 -3.2819394
-1.1233944 .51118648 .286 -2.7479629 .5011741
.2049449 .51118648 .998 -1.4196236 1.8295134
2.5200700* .51118648 .001 .8955015 4.1446385
3.1347251* .51118648 .000 1.5101566 4.7592935
-1.7717829* .51118648 .028 -3.3963514 -.1472144
.6483885 .51118648 .798 -.9761800 2.2729570
1.9767278* .51118648 .012 .3521593 3.6012963
4.2918529* .51118648 .000 2.6672844 5.9164213
4.9065079* .51118648 .000 3.2819394 6.5310764
1.7717829* .51118648 .028 .1472144 3.3963514
(J) FREQ
1
3
5
8
10
0
3
5
8
10
0
1
5
8
10
0
1
3
8
10
0
1
3
5
10
0
1
3
5
8
(I) FREQ
0
1
3
5
8
10
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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Table 2: ANOVA significance values TZ-IC 
Multiple Comparisons
Dependent Variable: CPMTZ
Tukey HSD
1.8181219* .23994954 .000 1.0555538 2.5806899
3.8221647* .23994954 .000 3.0595967 4.5847327
2.0223037* .23994954 .000 1.2597357 2.7848717
3.6064622* .23994954 .000 2.8438942 4.3690302
.7836290* .23994954 .042 .0210610 1.5461970
-1.8181219* .23994954 .000 -2.5806899 -1.0555538
2.0040428* .23994954 .000 1.2414748 2.7666108
.2041819 .23994954 .953 -.5583862 .9667499
1.7883403* .23994954 .000 1.0257723 2.5509084
-1.0344929* .23994954 .005 -1.7970609 -.2719249
-3.8221647* .23994954 .000 -4.5847327 -3.0595967
-2.0040428* .23994954 .000 -2.7666108 -1.2414748
-1.7998610* .23994954 .000 -2.5624290 -1.0372929
-.2157025 .23994954 .942 -.9782705 .5468655
-3.0385357* .23994954 .000 -3.8011037 -2.2759677
-2.0223037* .23994954 .000 -2.7848717 -1.2597357
-.2041819 .23994954 .953 -.9667499 .5583862
1.7998610* .23994954 .000 1.0372929 2.5624290
1.5841585* .23994954 .000 .8215905 2.3467265
-1.2386747* .23994954 .001 -2.0012428 -.4761067
-3.6064622* .23994954 .000 -4.3690302 -2.8438942
-1.7883403* .23994954 .000 -2.5509084 -1.0257723
.2157025 .23994954 .942 -.5468655 .9782705
-1.5841585* .23994954 .000 -2.3467265 -.8215905
-2.8228332* .23994954 .000 -3.5854012 -2.0602652
-.7836290* .23994954 .042 -1.5461970 -.0210610
1.0344929* .23994954 .005 .2719249 1.7970609
3.0385357* .23994954 .000 2.2759677 3.8011037
1.2386747* .23994954 .001 .4761067 2.0012428
2.8228332* .23994954 .000 2.0602652 3.5854012
(J) FREQ
1
3
5
8
10
0
3
5
8
10
0
1
5
8
10
0
1
3
8
10
0
1
3
5
10
0
1
3
5
8
(I) FREQ
0
1
3
5
8
10
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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Figure 5: Collagen Released, NP and TZ difference plot 
 
The ratio of RC for the NP and TZ media samples are shown in Figure 6, and 
Figure 7 shows a more defined plot in loading scenarios.  The ANOVA t-test was used to 
determine significance between the control and the other scenarios (Tables 3 and 4).  
There are significant differences between the control and 5, 8, and 10Hz ratio of RC for 
the NP samples.  The TZ samples also had significance between the control and 5, 8, 
10Hz ratio of RC. 
The values for the control NP-RC are significantly less than the 5, 8, and 10Hz 
scenarios, and the values for the control TZ-RC are also significantly less than 5, 8, and 
10Hz.  There is also a significant difference between the 8 Hz scenario of the TZ-RC; it 
is significantly less than the 5 and 10Hz scenarios.  So the amount of RC is greatest at 
5, 8, and 10Hz for the NP samples, and greatest at 5, 8, and 10Hz for the TZ samples, 
with the exception that the 8Hz is much less than the 5 and 10Hz RC. 
 
Released Collagen by Sample, Frequency Trend 
Since it is presumed that the amount of RC is a deciding factor in ECM survival it 
is necessary to examine any trends between the scenarios.  Figure 7 represents RC for 
each loading scenario of the NP and TZ.  The amounts of RC of the NP and TZ  
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Table 3: ANOVA significance values NP-RC 
Multiple Comparisons - CPMNP
Dependent Variable: RC
Tukey HSD
-.4963428 .50744741 .919 -2.1090284 1.1163428
-.3711604 .50744741 .975 -1.9838460 1.2415251
-4.8409377* .50744741 .000 -6.4536232 -3.2282521
-4.0405107* .50744741 .000 -5.6531963 -2.4278251
-5.4121147* .50744741 .000 -7.0248003 -3.7994292
.4963428 .50744741 .919 -1.1163428 2.1090284
.1251824 .50744741 1.000 -1.4875032 1.7378680
-4.3445948* .50744741 .000 -5.9572804 -2.7319093
-3.5441679* .50744741 .000 -5.1568535 -1.9314823
-4.9157719* .50744741 .000 -6.5284575 -3.3030863
.3711604 .50744741 .975 -1.2415251 1.9838460
-.1251824 .50744741 1.000 -1.7378680 1.4875032
-4.4697772* .50744741 .000 -6.0824628 -2.8570916
-3.6693503* .50744741 .000 -5.2820359 -2.0566647
-5.0409543* .50744741 .000 -6.6536399 -3.4282687
4.8409377* .50744741 .000 3.2282521 6.4536232
4.3445948* .50744741 .000 2.7319093 5.9572804
4.4697772* .50744741 .000 2.8570916 6.0824628
.8004269 .50744741 .622 -.8122586 2.4131125
-.5711771 .50744741 .864 -2.1838626 1.0415085
4.0405107* .50744741 .000 2.4278251 5.6531963
3.5441679* .50744741 .000 1.9314823 5.1568535
3.6693503* .50744741 .000 2.0566647 5.2820359
-.8004269 .50744741 .622 -2.4131125 .8122586
-1.3716040 .50744741 .123 -2.9842896 .2410816
5.4121147* .50744741 .000 3.7994292 7.0248003
4.9157719* .50744741 .000 3.3030863 6.5284575
5.0409543* .50744741 .000 3.4282687 6.6536399
.5711771 .50744741 .864 -1.0415085 2.1838626
1.3716040 .50744741 .123 -.2410816 2.9842896
(J) FREQ
1
3
5
8
10
0
3
5
8
10
0
1
5
8
10
0
1
3
8
10
0
1
3
5
10
0
1
3
5
8
(I) FREQ
0
1
3
5
8
10
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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Table 4: ANOVA significance values TZ-RC 
Multiple Comparisons - CPMTZ
Dependent Variable: RC
Tukey HSD
-.2692161 .39212831 .981 -1.5154135 .9769814
.5206452 .39212831 .767 -.7255523 1.7668427
-4.5544138* .39212831 .000 -5.8006113 -3.3082163
-1.5896243* .39212831 .008 -2.8358217 -.3434268
-4.8309359* .39212831 .000 -6.0771333 -3.5847384
.2692161 .39212831 .981 -.9769814 1.5154135
.7898613 .39212831 .372 -.4563362 2.0360587
-4.2851978* .39212831 .000 -5.5313952 -3.0390003
-1.3204082* .39212831 .034 -2.5666057 -.0742108
-4.5617198* .39212831 .000 -5.8079173 -3.3155224
-.5206452 .39212831 .767 -1.7668427 .7255523
-.7898613 .39212831 .372 -2.0360587 .4563362
-5.0750590* .39212831 .000 -6.3212565 -3.8288615
-2.1102695* .39212831 .001 -3.3564669 -.8640720
-5.3515811* .39212831 .000 -6.5977785 -4.1053836
4.5544138* .39212831 .000 3.3082163 5.8006113
4.2851978* .39212831 .000 3.0390003 5.5313952
5.0750590* .39212831 .000 3.8288615 6.3212565
2.9647895* .39212831 .000 1.7185921 4.2109870
-.2765221 .39212831 .979 -1.5227195 .9696754
1.5896243* .39212831 .008 .3434268 2.8358217
1.3204082* .39212831 .034 .0742108 2.5666057
2.1102695* .39212831 .001 .8640720 3.3564669
-2.9647895* .39212831 .000 -4.2109870 -1.7185921
-3.2413116* .39212831 .000 -4.4875091 -1.9951141
4.8309359* .39212831 .000 3.5847384 6.0771333
4.5617198* .39212831 .000 3.3155224 5.8079173
5.3515811* .39212831 .000 4.1053836 6.5977785
.2765221 .39212831 .979 -.9696754 1.5227195
3.2413116* .39212831 .000 1.9951141 4.4875091
(J) FREQ
1
3
5
8
10
0
3
5
8
10
0
1
5
8
10
0
1
3
8
10
0
1
3
5
10
0
1
3
5
8
(I) FREQ
0
1
3
5
8
10
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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scenarios are similar in pattern.  In both samples there is a slight, but significant, 
decrease from the control up to 3Hz, then a very significant increase in the RC from 3 to 
5Hz.  The amount of RC then in the NP samples experience only a slight decrease 
across 5 to 8Hz to increase slightly above the 5Hz RC from 8 to 10Hz.  Observing the 
RC of the TZ samples across 5 to 8Hz shows a significant decrease and then a 
significant increase back up to 10Hz. 
Figure 8 represents the percentage ratio of RC for the NP and TZ loading 
scenarios.  It produces similar results to the trend of RC discussed in the previous 
paragraph.  The NP and TZ increase slightly from the control up to 3Hz then increase 
significantly up to 5Hz.  The NP samples then significantly decrease, percentage wise, to 
8Hz only to maintain the 8Hz level to 10Hz.  The TZ samples only slightly decrease from 
5 to 8Hz to maintain the 8Hz level of RC to 10Hz.  There are no significant differences 
between the trends of the NP and TZ percent ratio of RC. 
 
Incorporated Collagen vs. Released Collagen Results 
An inspection of the IC of each scenario compared with the corresponding RC 
shows with that the only scenario to have a lower amount of IC compared with the RC is 
the 5 Hz loading scenario.  The control, 1, 3, 8, and 10Hz all have higher concentrations 
of incorporated collagen than released collagen.  However, it should be noted that the IC 
of the 8 and 10Hz loading scenarios are not significantly higher than their corresponding 
RC values. 
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Figure 8: Percent Ratio of Collagen Released for NP and TZ 
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IV.  Discussion 
 
This research concentrated on the application of dynamic hydrostatic pressure 
on the nucleus pulposus and transition zone of porcine intervertebral disc cells.  This 
entailed the exposure of the disc cells to a specified loading pressure with varying 
frequency.  The hydraulic piston-chamber system allowed for pressure distribution 
across the cells from the media inside the chamber.  This differs from the standard air 
pressure chamber, in that it yields a higher system stiffness and permits the variance of 
frequency with the pressure in vivo, thus simulates more accurate physiological loading 
conditions. 
The objective of this research is to study the relationship, if any, of the 
mechanical load applied to different cell regions with hopes of determining the state at 
which cell synthesis degrades.  The cells of the nucleus pulposus and transition zone 
are also closely observed to see if they share similar reactions to mechanical loading.  
Examining the amount of incorporated collagen in the cells from the [³H]-proline 
(accepted as equivalent to collagen) will determine if the cells are maintaining a healthy 
environment or also show, from the percent ratio of released collagen (accepted as an 
indication of tissue degradation), signs of tissue degeneration. 
Intervertebral discs are under hydrostatic pressure at all times because of the 
forces of the muscles, ligaments, and spinal loading [23].  Studies have shown that 
mechanical loading can cause disc changes through direct cellular effects on tissues 
around the spine.  An example of this is shown in the degeneration of rabbit annulus IVD 
tissue [24].  The study suggests that the extreme mechanical stress suppresses gene 
expression causing the production of matrix degradation by way of decreased 
proteoglycan synthesis, thus suffering loss of water and proteoglycan content.  The 
extracellular matrix is believed to degrade parallel with age and mechanical stress, 
inevitably leading to disc degeneration.  Maintenance of the complex arrangement of 
tissues and the specific molecular interactions of the extracellular matrix components are 
critical for function of the disc [24].  Another study that shows change in disc tissue is 
from 3-D alginate cultured porcine IVD cells, which focused on the differences in matrix 
synthesis among the AF, TZ and NP regions [1].  In this study a mechanical load of 
~0.02N was applied to the different regions of the IVD cell over a period of 16 weeks.  
The results of the study showed that the AF exhibited the highest levels of type I 
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collagen, while TZ exhibited the highest levels of type II collagen.  The NP cells showed 
a decrease in all collagen expression after loading on day one.  While the alginate gels 
helped retain the IVD cell phenotype, the mechanical loading affected the collagen 
content in the regions of the disc.  In addition to the previous studies, work involving the 
morphological changes of porcine IVD cells under mechanical loading produced 
supplementing results.  The study did not subject a mechanical load onto the cells 
through an alginate system, instead by applying the load directly to the vertebrae.  
Results from the study showed signs of dehydration in the AF region and the NP region 
suffered shape deformation along with position change.  This again supports the idea 
that mechanical loading can cause disc changes through cellular effects.  Likewise a 
study on newborn bovine cartilage disc cells subjected to mechanical loads exhibited 
chondrocyte apoptosis.  The disc were loaded in vitro at various peak stress levels and 
chondrocyte apoptotic cell death, tissue biomechanical properties, tissue swelling, 
glycosaminoglycan (GAG) loss, and nitrite levels were quantified [25].  Chondrocyte 
apoptosis occurred at stresses as low as 4.5MPa and increased with peak stress.  
Degradation of the collagen fibril network was then suggested in the 7-12MPa range 
[25].  From this same study higher stresses, >20MPa, yielded chondrocyte loss greater 
than 50%.  Human joints are continually subjected to normal mechanical loads that can 
cause peak contact stresses as high as 15-20 MPa in vivo [26].  Tissue swelling became 
significant at 13MPa, the release of GAGs from 6-13MPa, and nitrite levels increased at 
20MPa.  Again the collaboration of this data suggests that mechanical loading can 
stimulate apoptosis and alter the biomechanical and biochemical properties of the cells 
[25].  Noting the cell death occurs at lower stress levels than required to stimulate 
cartilage matrix degradation.  Since the chondrocyte apoptosis appears to be the earliest 
response, it is not clear whether this initial response drives cartilage matrix degradation 
and changes in the biomechanical properties of the cell [25].  
This research is different from the previously mentioned studies because, while 
they had a variety of loading amplitude, the applied load remained constant throughout 
this study.  Another aspect that differentiates this study from others is the varying 
frequency, to see if tissue degeneration occurred around the resonant frequency of the 
human spine (4-8Hz), and the porcine IVD cells as the study subject.  The porcine IVD 
cells were chosen because of size and ease of dissection.  Since this research has not 
been performed before there is no real comparison between other studies.    
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The incorporated collagen for both NP and TZ regions revealed interesting 
regression plots (Figures 3 and 4).  The NP region plotted a quadratic with the 
CPM/DNA vs. Frequency.  Interpreting more IC at the control, then declining to 1Hz and 
on to a minimum at 5Hz, then increasing to 8Hz, and further increasing to 10Hz.  The TZ 
region plotted a slightly different regression.  In the TZ region there was more IC at the 
control, then declining on to 3Hz, but increasing at 5Hz, then declining at 8Hz to 
increase at 10Hz.  From these results there appears to be a trend in the IC of both 
regions.  The IC increases at 5Hz in the TZ region and is the lowest at 5Hz in the NP 
region.  The control is significantly greater than the 3 and 5 Hz scenarios of the NP 
region, and in the TZ region the 1, 3, 5, 8, 10Hz scenarios are significantly less than the 
control (the 10Hz scenario is just slightly significant). 
The released collagen for the NP and TZ regions show interesting results as well 
(Figures 5 and 7).  The RC for the NP region shows the control is significantly less than 
the 5, 8, 10Hz scenarios.  The RC for the TZ regions shows the same, that the control is 
significantly less than the 5, 8, 10Hz scenarios.  The 8Hz of the TZ region was also 
significantly less than the 5 and 10Hz scenarios of RC.  The percent released collagen 
for each region indicates 5Hz as the highest amount of RC (Figures 6 and 8).  However, 
the NP region released more RC at the 5Hz region compared to the TZ, but the TZ 
released more collagen than the NP for all other scenarios.  There is a trend with the 
percent RC in both regions.  The RC increases to the peak 5Hz and then decreases at 8 
and 10 Hz.  This supports the idea that at 5Hz there is more degeneration within the 
IVD.  Since the TZ has more released collagen for all scenarios except 5Hz, this could 
be a result of the different collagen compositions between regions. 
The results suggest that there may be a relationship between the amplitude and 
varying frequencies for incorporated and released collagen of the NP and TZ regions 
cultured in 3-D alginate.  This trend can be seen in Figures 3 and 4 for IC and Figure 8 
for percent RC.  Focusing on the decrease of IC and increase of RC at 5Hz for the 
scenarios it is very important because the physiological range of frequency is between 4-
8Hz.  The idea that the NP cells may degenerate at the 5Hz loading scenario, while the 
TZ cells show an increase in collagen at the 5Hz frequency.  This is supported by the 
amount of RC being greater at 5Hz for the NP cells than the TZ cells. 
While this study focused on the changes in synthesis rate and degradation there 
are still other parameters to consider, such as those examined in the previously 
 26
mentioned studies, i.e., morphological changes, chondrocyte apoptosis, and gene 
expression.  The effect of loading at smaller increments of frequency could show more 
accurate results.  Since degeneration is determined as the amount of collagen released 
from the cells smaller increments in frequency can clarify the differences between the 
frequencies surrounding 5Hz.  Using a different loading amplitude at higher frequencies 
(one proportional to the lower amplitude and frequencies) to see why the synthesis rate 
increases or decreases after the 5Hz loading scenario.  This may also show the effects 
of normal or abnormal loading on the disc.  An understanding of whether the amount of 
RC to the ECM is detrimental to the survival of the matrix.  The ECM consists mostly of 
collagen, however the RC does not appear to be useful to the ECM after expression.  It 
is not known if the collagen released into the cells can be used to supply the ECM when 
loading ensues.  This leads to the conclusion that the RC is either useless once 
expressed or the abundance of it intensifies degeneration. 
There was variation in the frequency of this study because we know the resonant 
frequency of the human spine, however it is important to further investigate the 
similarities between the response of porcine and human IVD cells with variation of 
loading amplitude.  In the study of Kasra, et al., the variation in loading amplitude had a 
stronger influence on cell response than the loading frequency [13].  However, Kasra, et 
al., used a large variation in loading frequency with the amplitude, and this research 
focused more on how the frequency affects the cell response.  This suggests that it is 
possible for different combinations of the loading amplitude and frequency that yield 
optimum levels below which loading is constructive and can be used for tissue 
generation, prevention, and rehabilitation of disc degeneration; however, above this 
optimum levels disc degeneration will occur [19].   
The loading amplitude with the varying frequency in this study depicts how 
collagen synthesis and degradation may occur during cell response to vibratory loading.  
The results of this study have potentially made apparent that which has been unknown 
at the cellular level of IVD degeneration.  A different perspective can now be investigated 
further to see if the IVDs are biologically or mechanically degenerating with the vibratory 
loading.  It may also be investigated to see if there is a combination of frequency and 
loading in a controlled environment that is beneficial to the IVDs.  It is apparent that 
"normal" physiological loading is beneficial to maintain metabolism and function of the 
disc [23]. 
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Figure A-1: Diagram of Intervertebral Disc 
Compliments  http://www.spineuniverse.com/displayarticle.php/article1267.html 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-2: Diagram of IVD components 
Compliments http://www-ermm.cbcu.cam.ac.uk/01002897h.htm 
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Figure A-3: NP and AF of intervertebral disc  
Compliments http://www.spineuniverse.com/displayarticle.php/article1267.html 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-4: Normal Mechanical load on IVD  
Compliments http://www.spine-health.com 
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 Chondrocyte-like
 
Figure A-5: NP cells at 10x, showing chondrocyte-like composition in IVD cells 
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Figure A-6: TZ cells at 15x, chondrocyte-like and fibroblast-like in IVD cells 
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Figure A-7: 150mm dishes incubating with NP/TZ alginate gels 1 day prior to loading 
 
 
 
 
 
 
Figure A-8: 35mm dishes housed in 150mm dishes in incubator  
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Figure A-9: Piston-Chamber Design Specifications 
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Figure A-10: Piston-chamber used for cell loading 
 
 
 
 
 
 
Figure A-11: Instron Machine 8511.20 
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Figure A-12: 8-tiered shelf used for holding 35mm dishes 
  
 
 
 
 
 
 
Figure A-13: Stainless Steel Mesh lids  
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Figure A-14: Piston head with ball bearing and actuator 
 
 
 
 
 
Figure A-15: Immersion of shelf with culture dishes 
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Figure A-16: Loading of cells on Instron 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-17: [³H]-proline 
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Figure A-18: Schematic of Column Chromatography, compliments Dave Merryman 
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Figure A-19: Cell scintillation collection in 7mL vials 
 
 
 
 
 
 
Figure A-20: Media scintillation collection in 7mL vials 
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Figure A-21: Standard curve for Calf Thymus DNA 
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 Table A-1: Scintillation Counts for Cells and Media 
  Cell Counts   Media Counts     
Well  Hertz,N/T,dish CPM Well Hertz,N/T,dish CPM 
B01 Control N1 14909 B01-2 Control N1 3003 
B02 Control N2 15572 B02-2 Control N2 2595 
B03 Control N3 15200 B03-2 Control N3 4131 
B04 Control N4 14317 B04-2 Control N4 2253 
B05 Control T1 16842 B05-2 Control T1 5101 
B06 Control T2 15177 B06-2 Control T2 4698 
B07 Control T3 17623 B07-2 Control T3 4847 
B08 Control T4 18333 B08-2 Control T4 6268 
C01 1N1 11163 C01-2 1N1 1577 
C02 1N2 10915 C02-2 1N2 2717 
C03 1N3 14518 C03-2 1N3 2573 
C04 1N4 15559 C04-2 1N4 3851 
C05 1T1 13838 C05-2 1T1 3567 
C06 1T2 13679 C06-2 1T2 4571 
C07 1T3 13543 C07-2 1T3 4154 
C08 1T4 21255 C08-2 1T4 6597 
D01 3N1 12211 D01-2 3N1 3461 
D02 3N2 13622 D02-2 3N2 2374 
D03 3N3 14432 D03-2 3N3 2948 
D04 3N4 13931 D04-2 3N4 2314 
D05 3T1 13976 D05-2 3T1 3063 
D06 3T2 15522 D06-2 3T2 2804 
D07 3T3 14638 D07-2 3T3 4018 
D08 3T4 14172 D08-2 3T4 3840 
E01 5N1 13557 E01-2 5N1 7673 
E02 5N2 15150 E02-2 5N2 7666 
E03 5N3 12671 E03-2 5N3 6424 
E04 5N4 11492 E04-2 5N4 5696 
E05 5T1 14216 E05-2 5T1 8639 
E06 5T2 13364 E06-2 5T2 8018 
E07 5T3 15346 E07-2 5T3 10610 
E08 5T4 13544 E08-2 5T4 7700 
F01 8N1 11582 F01-2 8N1 4657 
F02 8N2 11679 F02-2 8N2 4769 
F03 8N3 12991 F03-2 8N3 5987 
F04 8N4 11157 F04-2 8N4 4470 
F05 8T1 16634 F05-2 8T1 6231 
F06 8T2 13091 F06-2 8T2 4506 
F07 8T3 17306 F07-2 8T3 7570 
F08 8T4 14611 F08-2 8T4 7316 
G01 10N1 12701 G01-2 10N1 7154 
G02 10N2 10870 G02-2 10N2 5357 
G03 10N3 11903 G03-2 10N3 5927 
G04 10N4 10792 G04-2 10N4 4424 
G05 10T1 10466 G05-2 10T1 4672 
G06 10T2 10356 G06-2 10T2 4830 
G07 10T3 11508 G07-2 10T3 6083 
G08 10T4 11784 G08-2 10T4 6097 
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Table A-2: DNA(ng/mL) for the three day loading scenarios  
Hertz,N/T,Dish DNA(ng/mL)
Control N1 1184.04297
Control N2 1275.81529
Control N3 1224.32313
Control N4 1102.09844
Control T1 1451.60844
Control T2 1221.13947
Control T3 1559.7143
Control T4 1657.99236
1N1 665.522396
1N2 631.194286
1N3 1129.92082
1N4 1274.01584
1T1 1035.79536
1T2 1013.78661
1T3 994.961519
1T4 2062.45501
3N1 810.586346
3N2 1005.89668
3N3 1118.01672
3N4 1048.6684
3T1 1054.89729
3T2 1268.8943
3T3 1146.5312
3T4 1082.02757
5N1 996.899396
5N2 1217.40214
5N3 874.259454
5N4 711.06251
5T1 1088.11804
5T2 970.184375
5T3 1244.53242
5T4 995.099939
8N1 723.520292
8N2 736.947013
8N3 918.55379
8N4 664.691878
8T1 1422.81712
8T2 932.39577
8T3 1515.83523
8T4 1142.79387
10N1 878.412048
10N2 624.965395
10N3 767.953048
10N4 614.168651
10T1 569.043796
10T2 553.817618
10T3 713.277227
10T4 751.481092
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Table A-3: Cell and Media CPM/DNA (ng) 
 Cell Counts  Media Counts    
Well  Hertz,N/T,dish CPM/DNA (ng) Well  Hertz,N/T,dish CPM/DNA (ng)
B01 Control N1 9.541038906 B01-2 Control N1 2.536225532 
B02 Control N2 8.593720473 B02-2 Control N2 2.03399349 
B03 Control N3 9.789082419 B03-2 Control N3 3.374109259 
B04 Control N4 10.8955784 B04-2 Control N4 2.044281989 
B05 Control T1 8.41342588 B05-2 Control T1 3.514033031 
B06 Control T2 8.711535616 B06-2 Control T2 3.847226389 
B07 Control T3 8.688129606 B07-2 Control T3 3.107620412 
B08 Control T4 8.225007748 B08-2 Control T4 3.780475806 
C01 1N1 8.632316556 C01-2 1N1 2.369567138 
C02 1N2 8.767506491 C02-2 1N2 4.304538333 
C03 1N3 7.874003038 C03-2 1N3 2.277150704 
C04 1N4 8.232236767 C04-2 1N4 3.02272538 
C05 1T1 6.522523908 C05-2 1T1 3.443730429 
C06 1T2 6.80715243 C06-2 1T2 4.508838394 
C07 1T3 6.548996995 C07-2 1T3 4.175035838 
C08 1T4 6.886938094 C08-2 1T4 3.198615221 
D01 3N1 6.101755874 D01-2 3N1 4.269748702 
D02 3N2 5.66956835 D02-2 3N2 2.360083336 
D03 3N3 6.2101039 D03-2 3N3 2.636812084 
D04 3N4 6.264134583 D04-2 3N4 2.20660792 
D05 3T1 4.462993728 D05-2 3T1 2.90360021 
D06 3T2 5.508733064 D06-2 3T2 2.209797927 
D07 3T3 4.190029893 D07-2 3T3 3.504483786 
D08 3T4 4.587683459 D08-2 3T4 3.548892926 
E01 5N1 5.972518412 E01-2 5N1 7.696864926 
E02 5N2 4.60160191 E02-2 5N2 6.297015395 
E03 5N3 5.012242052 E03-2 5N3 7.347933122 
E04 5N4 6.200580027 E04-2 5N4 8.010547479 
E05 5T1 6.130768655 E05-2 5T1 7.939395955 
E06 5T2 6.539994008 E06-2 5T2 8.264408503 
E07 5T3 6.35419366 E07-2 5T3 8.525290179 
E08 5T4 6.923927667 E08-2 5T4 7.737916261 
F01 8N1 8.829054372 F01-2 8N1 6.436585192 
F02 8N2 7.685762885 F02-2 8N2 6.471292938 
F03 8N3 9.253676914 F03-2 8N3 6.517854551 
F04 8N4 8.557348438 F04-2 8N4 6.72492045 
F05 8T1 4.969718105 F05-2 8T1 4.379340053 
F06 8T2 5.248844062 F06-2 8T2 4.832711758 
F07 8T3 4.613298256 F07-2 8T3 4.993946489 
F08 8T4 4.78038968 F08-2 8T4 6.401854457 
G01 10N1 9.620769682 G01-2 10N1 8.144241664 
G02 10N2 9.917349103 G02-2 10N2 8.571674596 
G03 10N3 10.06051089 G03-2 10N3 7.717919755 
G04 10N4 11.81434447 G04-2 10N4 7.203233176 
G05 10T1 7.282392021 G05-2 10T1 8.210264364 
G06 10T2 7.852765709 G06-2 10T2 8.721282679 
G07 10T3 7.922585756 G07-2 10T3 8.528240869 
G08 10T4 7.845839455 G08-2 10T4 8.113311254 
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Table A-4: Percentage Ratio of Collagen Released 
 
     Hertz,N/T,Dish RC/(IC+RC)*100 Percentage Ratio of RC 
Control N1 21 
Control N2 19.13857954 
Control N3 25.63291139 
Control N4 15.79833111 
Control T1 29.46170729 
Control T2 30.63380282 
Control T3 26.34525492 
Control T4 31.48957548 
1N1 21.53783119 
1N2 32.9293419 
1N3 22.43243243 
1N4 26.85682405 
1T1 34.55390875 
1T2 39.84483961 
1T3 38.93158388 
1T4 31.7148214 
3N1 41.16807422 
3N2 29.39210103 
3N3 29.80487312 
3N4 26.04975796 
3T1 39.41577661 
3T2 28.62977333 
3T3 45.54522784 
3T4 43.61653794 
5N1 56.30733103 
5N2 57.77811275 
5N3 59.44845456 
5N4 56.36813459 
5T1 56.42717178 
5T2 55.8239922 
5T3 57.29560428 
5T4 52.77587389 
8N1 42.16387506 
8N2 45.71072558 
8N3 41.3267067 
8N4 44.00472534 
8T1 46.84258006 
8T2 47.93617021 
8T3 51.98104786 
8T4 57.25017607 
10N1 45.84428068 
10N2 46.36088273 
10N3 43.41170439 
10N4 37.87671233 
10T1 52.99455535 
10T2 52.62011112 
10T3 51.8408045 
10T4 50.83798883 
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